Abstract Alcohol-induced liver disease progresses due to increased reactive oxygen species (ROS) and cellular lipid peroxidation. Quercetin is a flavonoid with strong antioxidant and hepatoprotective effects. We investigated whether 3 0 -O-methyl quercetin (3 0 MQ) and quercetin-3-Oglucuronide (Q3GA), two metabolites of quercetin, have protective effects against ethanol-induced hepatotoxicity. Cell viability was increased by quercetin, 3 0 MQ, and Q3GA in HepG2 hepatocarcinoma cells exposed to ethanol. Our results show that this effect was mediated by diminished ROS generation, decreased lipid peroxidation and up-regulation of antioxidant capacity, including glutathione, superoxide dismutase and catalase. Moreover, down-regulated heme oxygenase-1 (HO-1) expression by ethanol was restored by quercetin, 3 0 MQ, and Q3GA through the activation of nuclear factor E2-related factor 2 and activator protein-1, but not nuclear factor-kappa B. Overall results suggest that 3 0 MQ, Q3GA, and quercetin attenuate oxidative stress in hepatocytes exposed to ethanol by up-regulating HO-1 expression and can be used as therapeutic agents for ameliorating alcohol-induced liver disease.
Introduction
Alcohol-induced oxidative stress contributes to hepatocellular damage by targeting various macromolecules such as proteins, lipids and DNA [1, 2] . Excess alcohol ingestion increases reactive oxygen species (ROS) or cellular lipid peroxidation, which plays a major role in the pathogenesis and progression of alcohol-induced liver disease [3] . According to several previous investigations on cytoprotective molecules against alcohol-induced oxidative stress, chemical and biological properties of polyphenols are involved in hepato-protection against alcohol-induced oxidative damages [4, 5] . In addition to free radical scavenging activity, several phenolic compounds have indirect antioxidative actions by up-regulating heme oxygenase-1 (HO-1), an inducible enzyme in response to oxidative stress [6] . HO-1 catalyzes degradation of heme to bilirubin and biliverdin which mediate protective role of HO-1 against alcohol-induced liver damage [7, 8] .
Quercetin is a major polyphenol and flavonoid widely distributed in edible vegetables, fruits and wine. The flavonol quercetin has been known to possess a broad range of pharmacological properties, including strong antioxidant activity and hepatoprotective effects against oxidative stress [9, 10] . It is extensively metabolized to O-methylated, glucuronidated or sulfated flavonol during absorption in the small intestine and liver [11, 12] . While the significant free radical scavenging activity of quercetin was retained regardless of its conjugating substituent, these quercetin metabolites appeared to have different biological properties from the parent compound [13] .
Previous reports indicated that the hepatoprotective effect of quercetin is mainly mediated by activation of MAPK signaling pathway, which stimulates translocation of nuclear factor E2-related factor 2 (Nrf2) and subsequent induction of HO-1. Nrf2 is an important transcription factor that induces expression of detoxifying genes including HO-1 by occupying the antioxidant responsible element (ARE) promoter sequence [14] . Nrf2 usually resides in the cytoplasm as a complex with Kelch-like ECH associated protein-1 (Keap-1) and translocates to the nucleus after dissociation from Keap-1 by several stimuli following binding to the ARE promoter [15, 16] . In addition to Nrf2, transactivation of HO-1 is regulated by other transcription factors including activator protein-1 (AP-1) or nuclear factor-jB (NF-jB) which binds to different cis-acting element of HO-1 promoter region from the ARE [17, 18] . Growing evidences indicate that AP-1 and NF-jB are important for the induction of HO-1, but distinguished from Nrf2, in response to various oxidative stimuli [19] [20] [21] [22] .
Protective effects of quercetin against alcohol-induced oxidative damage have been well established in various cell lines including rat and human hepatocytes [17, [23] [24] [25] , but the effect of its conjugated metabolites or the mechanisms involved in HO-1 induction have not been fully elucidated. The major pathway participating in signal transduction required for regulating HO-1 has been identified well, but little is known for the mechanisms underlying which transcription factor contributes to the activation of HO-1 in response to flavonoids under the ethanol-induced oxidative stress. Moreover, in spite of its significant effect on hepatocytes, little is known about the molecular mechanism about the effect of major metabolites of quercetin.
Herein, we investigated the effect of quercetin and its metabolites, 3 0 -O-methyl quercetin (3 0 MQ) and quercetin-3-O-glucuronide (Q3GA), on HepG2 cells exposed to ethanol. Our results demonstrated that quercetin, 3 0 MQ, and Q3GA have cytoprotective effects against ethanol-induced oxidative stress. Antioxidative effects of quercetin and its metabolites were mediated by diminished ROS generation, decreased lipid peroxidation and up-regulation of activity on antioxidant enzymes such as superoxide dismutase (SOD) or catalase (CAT). This study also showed molecular mechanisms on antioxidant effects of quercetin, 3 0 MQ, and Q3GA via activation of transcription factors such as Nrf2 and AP-1, but not NF-jB, which are leading to the expression of HO-1 protein that can active antioxidant genes. Together, the present findings suggest that quercetin, 3 0 MQ, and Q3GA attenuate oxidative stress in hepatocytes exposed to ethanol by up-regulating HO-1 expression and provide support for the development of them as therapeutic agents for ameliorating alcohol-induced liver disease.
Materials and methods

Chemicals and reagents
Quercetin and Q3GA were purchased from Cayman Chemical (Ann Arbor, MI, USA) and Indofine Chemical (Hillsborough, NJ, USA), respectively. Penicillin-streptomycin was purchased from PAA Laboratories (Marlborough, MA, USA). Fetal bovine serum (FBS), minimum essential medium (MEM), phosphate buffered saline (PBS), Dulbecco 0 s Phosphate-Buffered Saline and sodium pyruvate were purchased from Welgene (Daejeon, Korea).
, dimethyl sulfoxide (DMSO) and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-histone H3 antibody was purchased from Millipore (Milford, MA, USA). All other primary and secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell culture and sample treatment
The HepG2 human hepatocarcinoma cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in MEM medium with 10% FBS, 5% penicillin streptomycin, and 5% sodium pyruvate and grown in an atmosphere containing 5% CO 2 at 37°C. HepG2 cells were incubated with vehicle (0.2% DMSO or 0.2% ethanol), quercetin (1-10 lM, dissolved in DMSO), 3 0 MQ (1-10 lM, dissolved in DMSO), or Q3GA (1-10 lM, dissolved in ethanol) for 6 h and were treated with ethanol (2.5%) for additional 18 h. This condition was optimized by repeated experiments to have the cytoprotective effect on flavonols against ethanol (2.5%) treatment. We proceeded with subsequent experiments under this condition.
Cell viability assay
Cell viability was measured using the MTT assay as described previously [26] . Briefly, HepG2 cells (5 9 10 3 cells/well) were seeded in 96-well plates (SPL Inc., Seoul, Korea) and treated with various concentrations of quercetin, 3 0 MQ, or Q3GA for 24 h. Then, cells were washed with PBS and 10 lL MTT solution (5 mg/mL) was added to each well following incubation at 37°C for 3 h. After incubation, the MTT solution was removed and DMSO was added to dissolve the formazan crystals. Absorbance was measured using an enzyme-linked immunosorbent assay reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 570 nm and percentage of cell viability was calculated.
Measurement of intracellular reactive oxygen species (ROS)
Intracellular ROS generation was evaluated with the fluorescence marker DCF-DA. DCFH-DA diffuses into cells and is deacetylated by cellular esterases to non-fluorescent 2 0 ,7 0 -dichlorodihydrofluorescein, which is rapidly oxidized to the highly fluorescent 2 0 ,7 0 -dichlorodihydrofluorescein (DCF) by ROS [27] . HepG2 cells (5 9 10 3 cells/well) were seeded in 96-well plates and pre-incubated with various concentrations of quercetin, 3 0 MQ, or Q3GA for 6 h, and the cells were stimulated with ethanol for 18 h. After the incubation, the cells were washed with PBS and incubated with 10 lM DCF-DA in PBS for 30 min. Stained cells were examined using a fluorescence microplate reader (Tecan Group Ltd., Basel, Switzerland) at 485/535 nm. Intracellular ROS generation was also observed using fluorescence microscopy (Leica Microsystem, Zena, Germany). Percentage of DCF fluorescence was compared with that of the control.
Measurement of lipid peroxidation and reduced glutathione (GSH)
Intracellular lipid peroxidation was measured by detecting the level of malondialdehyde (MDA). In brief, HepG2 cells (9 9 10 5 cells/dish) were cultured and pre-treated with various concentrations of quercetin, 3 0 MQ, or Q3GA for 6 h, and then cells were stimulated with ethanol for 18 h. Lipid peroxidation was determined using TBARS assay kit (Cell Biolabs, San Diego, USA) according to manufacturer's instructions. In a parallel assay, cellular GSH level was measured in HepG2 cell lysate using total glutathione (GSSG/GSH) assay kit (Cell Biolabs).
Measurement of antioxidant enzymes activities
HepG2 cells (9 9 10 5 cells/dish) were cultured and pretreated with various concentrations of quercetin, 3 0 MQ, or Q3GA for 6 h, and then cells were stimulated with ethanol for 18 h. The activity of SOD or CAT was measured using SOD or CAT activity assay kit (Cell Biolabs) according to the manufacturer's instructions.
Protein extraction and Western blot analysis
HepG2 cells (9 9 10 5 cells/dish) were seeded in 100 mm dishes and pre-treated with the indicated concentrations of quercetin, 3 0 MQ, or Q3GA for 6 h, and then cells were stimulated with ethanol for 18 h. Cell lysates were prepared using RIPA buffer (Biosolution, Suwon, Korea) containing protease and phosphatase inhibitors (Sigma). Cell extracts were quantified using the BCA Protein Assay kit (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer's instructions. 30-40 lg of proteins were separated on 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (GE Healthcare, Cambridge, UK) for Western blot analyses. At first, transferred membrane was blocked with blocking buffer containing 5% skim milk (BD biosciences, San Jose, CA, USA) in 1X Tris-buffered saline with Tween 20 (sigma) (TBST) for 1 h and then incubated with primary antibodies (HO-1, Nrf2 , b-actin, and Histone H3) at appropriate dilutions in 1X TBST containing 1% skim milk for 2 h. The membrane was washed three times with 1X TBST for 10 min, and incubated with secondary antibody in 1X TBST containing 1% skim milk for 45 min. The membrane was also washed three times for 15 min, and the images were visualized with enhanced chemiluminescence detection reagent (Amersham Pharmacia Biotech, Parsippany, NJ, USA) and Chemi-Doc (Bio-Rad Laboratories, Hercules, CA, USA) imaging device. Primary and secondary antibodies were purchased from santa cruz.
Luciferase reporter assay
HepG2 cells (1.5 9 10 5 cells/dish) were seeded in 6 well plates and transfected with the luciferase plasmid reporting the activity of NF-jB (NF-jB-Luc) or the activity of AP-1 (AP-1-Luc) (kindly provided by Dr. TG Seo, Dongguk University, Seoul, Korea) using polyExpress TM (Excellgen, Rockville, MD, USA) according to the manufacturer's instructions. After incubation for 24 h, the cells were treated with the indicated concentrations of quercetin, 3 0 MQ, or Q3GA for 6 h, and then the cells were stimulated with ethanol for 18 h. NF-kB activation can be evaluated in 24 h as well as short time (1-2 h) after in vitro treatment of chemical [28, 29] . Luciferase expression was measured using an assay kit (Promega, Madison, WI, USA) and a luminometer (Berthold Technologies, Bad Wildbad, Germany) according to the manufacturer's instructions. Luciferase activity was normalized by comparison with bgalactosidase activity.
Statistical analysis
The statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). Results were expressed as mean ± standard error of three independent experiments. One-way analysis of variance and Bonferroni's Multiple Comparison test were used to detect differences. Values of *P \ 0.05, **P \ 0.01, ***P \ 0.001 and # P \ 0.05, ## P \ 0.01, ### P \ 0.001 were established to be statistically significant when compared with control and ethanol, respectively.
Results and discussion
Cytoprotective effects of quercetin and its metabolites on human HepG2 cells
In this study, we focused on the molecular effects of quercetin or its metabolites, 3 0 MQ and Q3GA (Fig. 1) , and evaluated whether quercetin metabolites also have cytoprotective efficacy using HepG2 cell, a hepatocarcinoma cell line, which is usually used for the study on in vitro metabolism of hepatocytes and toxicity to the liver [30] . Quercetin is converted to circulating forms, 3 0 MQ or Q3GA, during absorption in the liver [13, 31] . Although the protective role of quercetin from ethanol-induced oxidative stress has been reported well [12, 23, 25] , few studies have reported the effect of quercetin metabolites. Cell viability was not affected by quercetin, 3 0 MQ, or Q3GA up to 50 lM (data not shown). Then, we investigated whether quercetin or its metabolites could protect cells from ethanol-induced oxidative stress. Cell viability was decreased to 60% of the control group by ethanol (2.5%) treatment, which was restored by adding quercetin or its metabolites (Fig. 2) . In particular, quercetin and 3 0 MQ significantly recovered cell viability up to 80% at 1-5 and 1-10 lM respectively, indicating that cell viability increased 10-20% after exposure to quercetin or 3 0 MQ compared to that of cells treated with ethanol alone (Fig. 2A, B) . Q3GA showed protective effect against ethanol-induced cytotoxicity at a higher concentration (10 lM) than quercetin or 3 0 MQ (Fig. 2C) . Although cell viability of HepG2 cells treated ethanol (2.5%) was recovered with pre-treatment with quercetin at 10 lM by * 1.3-fold, the increased level of cell viability did not reach statistical significance to the contrary to our expectation. Similarly to our observation, the compound at lower concentration has antioxidant effect than concentration at 50 lM; therefore, they used the compound at 20 lM in all subsequent experiments [32] . It suggests that higher concentration of compound might be saturated to have protective effect against oxidative stress. Therefore, we used the one concentration at 5, 5 and 10 lM for quercetin, 3 0 MQ, and Q3GA, respectively, which has higher hepatoprotective effect against ethanol-induced oxidative stress to precede subsequent experiments. Taken together, these data indicate that quercetin and its metabolites have cytoprotective effects on hepatocytes against ethanol-induced oxidative stress.
Quercetin and its metabolites suppress ethanolinduced ROS generation
The suppressive effect of quercetin or its metabolites on ethanol-induced ROS generation in HepG2 cells was investigated by ROS measurement. DCF diacetate was used to identify intracellular ROS generation. Compared to control cells, DCF fluorescence intensity was increased markedly to 30-40% in ethanol-treated cells. Notably, pretreatment of quercetin, 3 0 MQ, or Q3GA decreased ROS generation dramatically in ethanol-treated HepG2 cells to a level lower than that of control cells (Fig. 3A) . Microscopic analysis showed that less bright DCF green fluorescence was observed in flavonol-treated cells compared to that in ethanol-treated cells (Fig. 3B) . These results indicate that quercetin and its metabolites have suppressive effects against ethanol-induced ROS generation.
Suppression of lipid peroxidation, recovery of GSH, and increase of antioxidant enzyme activities by quercetin and its metabolites
For determination of whether flavonols affect the antioxidant activity in ethanol-treated HepG2 cells, intracellular level of lipid peroxidation and the reduced form of GSH was evaluated. Intracellular MDA, one of the most frequently used indicators for detecting lipid peroxidation [16] , increased up to 1.75 lM by ethanol treatment was decreased to the control level by adding quercetin (Fig. 4A) . Although 3 0 MQ or Q3GA showed inhibitory effect against lipid peroxidation, only quercetin showed statistically significant activity. In addition, quercetin and Q3GA recovered intracellular GSH level or protected against GSH depletion in ethanol-treated HepG2 cells (Fig. 4B) . During oxidative stress, GSH, an important cellular component for preventing oxidative stress, is consumed, resulting in rapid depletion [33] . These results show that quercetin and its metabolites help hepatocytes attenuate lipid peroxidation and maintain the reduced form of GSH. Our study next focused on the activity of SOD or CAT. Interestingly, we found that ethanol treatment itself increased SOD or CAT activity in HepG2 cells. This is disagreed with a previous report showing that SOD or CAT activity in rat hepatocytes was decreased after ethanol exposure [17] . However, another study has reported that SOD or CAT activity can be up-regulated by ethanol treatment alone [34] . This result may have been derived from discrepancy in treatment time or ethanol concentration between experiments. As shown Fig. 4C and D, these cytoprotective responses were further increased by pretreatment of quercetin, 3 0 MQ, or Q3GA. These data show that quercetin and its metabolites increase antioxidant action in hepatocytes by promoting SOD and CAT activities. Together, our results revealed that cytoprotective effects of flavonols are mediated by diminishing lipid peroxidation, increasing the reduced form of GSH, and increasing the activity of anti-oxidant enzyme such as SOD or CAT. Hepatocyte-protective effects of quercetin 813
Up-regulation of HO-1 and Nrf2 expression by quercetin and its metabolites in ethanol-treated HepG2 cells
After confirming the antioxidant effects of quercetin and its metabolites, the effect of HO-1 and Nrf2 expression was evaluated, because previous studies reported that HO-1 is an antioxidant enzyme playing an important role in ethanol-induced oxidative stress in hepatic cells and its expression is up-regulated by Nrf2, a major transcription factor regulating ARE-driven phase II gene expression [18, 25] . Induction of the HO-1 results in cellular protection from oxidative stress [23] , and its expression in hepatocytes is negatively affected by ethanol exposure [16] .
The expressions of HO-1 and Nrf2 were decreased slightly in HepG2 cells treated with ethanol (second bars in graphs of Fig. 5A, B) . Pre-treatment of quercetin, 3 0 MQ, or Q3GA induced the expression of HO-1 protein in spite of ethanolinduced cytotoxicity (Fig. 5A) . Furthermore, quercetin and its metabolites increased the Nrf2 protein level specifically in the nuclear fraction, suggesting that Nrf2 translocates and plays a role in nucleus by treatment of quercetin or its metabolites (Fig. 5B) . These results show that the hepatoprotective effects of quercetin and its metabolites are mediated by activating Nrf2 following up-regulation of HO-1 expression. It suggests that quercetin and its metabolites have cytoprotective ability against ethanol-induced oxidative stress by inducing HO-1 expression in HepG2 cells.
Transcriptional factors activated by quercetin and its metabolites
For examination of the molecular mechanism for the upregulation of HO-1 by quercetin and its metabolites, molecular mediators for these responses were speculated. AP-1 and NF-jB are transcription factors activated by quercetin and its metabolites because previous study reported that AP-1 and NF-jB are critical factors inducing HO-1 expression by binding to its promoter [18, 20, 35] . In luciferase assay experiment, ethanol treatment itself significantly reduced AP-1 and NF-jB activities (second bars in Fig. 6A, B) . Pre-treatment of quercetin or its metabolites increased AP-1 activity in the presence of ethanol, but not NF-jB, which is correlated with HO-1 and Nrf2 expression (Fig. 6A, B) . These results indicate that AP-1, but not NFjB, is a transcription factor up-regulating the expression of HO-1 in ethanol-treated hepatocytes by quercetin and its metabolites. In summary, it suggests that two transcription factors, Nrf2 and AP-1, are activated by quercetin or its metabolites and increase HO-1 expression, which plays an important role for the activation of antioxidant gene in hepatocytes [16, 18] . Overall, this study demonstrates that quercetin and its major metabolites can be used as therapeutic agents for ameliorating alcohol-induced liver disease. 
